INTRODUCTION
Increasing demand for new underground infrastructure, from rail and road tunnels to buried services, and for replacement of existing services has led to developments of improved trenchless technologies (TT). Trenchless construction has been shown to be more cost-effective than open trench methods when all life-cycle factors, including social and environmental factors, are considered (Najafi and Gokhale, 2005) . There are now numerous trenchless technologies available for a specific construction projects, however, anticipated subsurface geotechnical conditions are the most important consideration in their selection (Bennett, 2010) . If the geotechnical information that is used to develop a conceptual site model is inadequate and unexpectedly adverse conditions are encountered during construction costly overruns and contractor claims invariably follow.
Fortunately, the increasing availability of advanced geophysical methods that use marine, land and borehole seismic technologies can overcome many of the deficiencies of conventional geotechnical practice at the design stage and can significantly reduce ground risks. These technologies can assist with overcoming geotechnical problems encountered during trenchless construction (Whiteley, 2005) .
Case studies from recent trenchless design and construction projects in Australia and China demonstrate the applications of differing combinations of advanced geophysical methods to trenchless design and construction projects.
CASE STUDIES Pipeline River Crossing, Queensland
A new wastewater transfer pipeline across a river in south-east Queensland was proposed using micro-tunnelling in rock. The crossing was about 100m long and the 960mm diameter pipeline was required to be at least 8m below the river bed with access shafts on either river bank. An initial geotechnical investigation was carried out by others and the simplified geological section (Figure 1 ) was derived based on two land boreholes (BH 1 and 6) and four overwater boreholes (BH2 to 4). During construction of the west bank access shaft to its planned level (about -12m, Figure 1 ) no rock was encountered at the level predicted by the initial investigation and excessive water flow from the gravel/cobble layer caused suspension of the construction works and initiated a request for additional subsurface information. A geophysical survey along the line of boreholes was subsequently undertaken using underwater seismic refraction (USR, Whiteley and Stewart, 2008) in the river with bottom-laid hydrophone cables and
SUMMARY
Within cities and urban areas trenchless construction and tunnelling are preferred methods for providing new infrastructure mainly because of their social and environmental benefits. However, problems can occur when unexpected subsurface conditions are encountered or when relatively "minor" geotechnical factors interact with the construction process in unexpected ways that create adverse outcomes. These can cause extensive project delays, major cost over-runs and legal disputation.
Advanced geophysical technologies using combinations of marine, land and borehole seismic methods can assist with identifying and overcoming geotechnical problems encountered during trenchless construction.
Case studies from recent civil infrastructure projects in Australia and China demonstrate the application of various seismic methods to a range of trenchless construction problems in land and water environments. These projects involve horizontal directional drilling, pipe-jacking and microtunnelling in soils, mixed material and rock for pipeline and buried power cable installations.
The case studies clearly show that appropriate seismic methods can assist in the solution of construction problems of a geological or geotechnical nature. This provides a new application area for engineering geophysics.
airgun sources and conventional land seismic refraction (LSR) on each bank. These data were integrated and interpreted in accordance with accepted practice (Whiteley and Eccleston, 2006) using Wavepath Eikonal Tomography (WET) Inversion and RAYFRACT™ software. Figure 2 shows the interpreted seismic refraction section with the boreholes. The sand and clay layer is represented by velocities in the range of about 350 to 1700 m/s with the lower velocities indicative of the thicker, dry to partially saturated soils on the banks. The approximate limits of the gravel/cobble layer encountered in BH1 and 2 is indicated by velocities between about 1800 and 1900m/s. Seismic velocities within the bedrock layer vary from about 2100 to 5800m/s. Within this layer the 2700m/s P-wave seismic velocity contour, marked on Figure 2 , represents the approximate level of the base of weathering. There is a relatively rapid velocity increase at this level from BH3 to BH6 and it maintains a fairly constant elevation at about -10m depth from about Ch. 20 to 70m, gradually rising to the river floor near Ch. 90m, close to the eastern bank. The situation near the eastern bank is somewhat different with rapid deepening of this velocity contour near BH2 where the weaker metasiltstone was encountered. Differential weathering in this region has created an erosional or palaeochannel channel in which the gravels and cobbles have been deposited. It is also possible that the eastern side of this feature is faulted between BH 2 and 3. The more gradual velocity gradients within the bedrock both beneath the palaeochannel and within the quartzite on the western side suggest that the region of increased fracturing extends to at least to BH1. It is also clear that the initial geotechnical log for BH1 has failed to correctly identify the base of the alluvial deposits. After receiving this geophysical interpretation the contractor subsequently deepened the west bank shaft to the rock and successfully completed the river crossing.
Power and Communications Cable Landfall, Victoria
Landfall on the Victorian coastline for the BassLink power and communications cable across Bass Strait required connection to the land network across a beach and coastal dunes. At this location the sea cable and the land cable are connected via two horizontal directional drillholes (HDD) about 10m apart that were drilled from entry points behind the stabilised dunes to about 450m offshore.
During construction beneath these environmentally sensitive dunes a number of sinkholes appeared at various locations along the alignments of the HDD boreholes. Public safety issues were raised, requiring a rapid response. As the depth of the sinkholes was unknown at the time they were observed concerns were expressed that they may extend to some depth below the current ground surface and that the sand ravelling process may continue even after the conduit installation had been completed. The HDD boreholes (boreholes 1 and 2) and the observed sinkhole locations (Sinkhole 1 to 4) are shown on Figure 3 . Two vertical boreholes (BH1 and BH2, Figure 3 ) on either side of the HHD boreholes were drilled to 20m depth from the only available access track near the crest of the dunes. Surface-to-borehole P-wave seismic imaging was completed along various scan lines (Figure 3 ) across both alignments. The aim of this investigation was to assess the presence and extent of any subterranean voids in the vicinity of the sinkholes and the horizontal boreholes. The operation of the surface-to-borehole seismic method using a downhole hydrophone array is shown schematically in Figure 4 . The seismic sources were blank shot-gun cartridges loaded into a specially designed pipe-gun and fired in moist sands at a depth of about 1.5m.
Figures 5 and 6 show the P-wave seismic images obtained below the S3 and S5 scan lines (Figure 3 ) from BH1 and 2 respectively. Both of these vertical boreholes encountered loose to dense sands to about 7m depth and then very dense darker sands below this level. On both images sinkholes 4 and 5 (Figure 3 ) appear as very low velocity regions extending to about 6m depth. The observed sinkholes showed similar features on the other seismic images. After examining these seismic images the HDD contractor indicated that there had been a problem with fluid leakage from both boreholes due to faulty couplings but did not know how long the leakage had continued.
The contractor subsequently assumed liability and filled the sinkholes with sand from the surrounding area until surface settlement ceased. Further monitoring of the area for a period after construction observed no further ground movement occurred indicating that the remediation process had been successful. Electrical power upgrades for Lantau Island, Hong Kong required the installation of two 132kV power mains by HDD along a 300 m water crossing at Pui O beach, a highly environmentally sensitive region. This crossing was expected to encounter the Tolo Channel Fault at a depth of 30m. This is Hong Kong's largest fault structure that is observed as a feldspar porphyry dyke swarm within granites. As overwater geotechnical boring was not permitted for environmental reasons USR (Whiteley and Stewart, ibid.) was completed along the proposed cable tunnel alignment. This involved laying a closely spaced hydrophone array on the sea floor in shallow water close to beach. The seismic sources were small charges pushed into the loose sand at various intervals along the seismic line. Source locations were limited by a combination of site factors related to the nearby eco-resort.
Interpretation of the relatively sparse seismic refraction data was achieved by interactive ray tracing (Whiteley, 2004) in accordance with accepted practice and the final subsurface seismic model with the field and synthetic travel-time data set for a 200 m length of the alignment is shown in Fig. 7 .
Figure 7. Seismic refraction section, Pui O beach
Three irregular layers of differing seismic velocity were identified in this interpretation. These were correlated with a nearby land borehole. The seismic velocities in these layers were also correlated with the likely weathering grade for Hong Kong granites (Fletcher, 2004; Ifran and Powell, 1985) . The upper layer has a uniform seismic velocity of 1600 m/s represents saturated sandy sediments and Grade V to IV granite. The intermediate layer with velocities ranging from 2900 to 3200 m/s represents Grade III to Grade II granite with possible corestones. The upper surface of this layer corresponds to rockhead. The lower layer has velocities in the range 3850 to 5850 m/s this corresponds to Grade II to Grade I granite and is the preferred medium for directional boring.
The most obvious indication of the Tolo Channel Fault this structure probably is the rapid change in the depth to Layer 2 near Ch. 65m and the wider generally lower velocity region in Layer 3 from Ch. 0 to 65m. This geophysical interpretation was used to design the trenchless HDD installation which was subsequently completed mainly within Layer 3.
Cable duct installation under roadway, Hong Kong
Power upgrades to the Hong Kong Academy of Performing Arts required installation of two cable ducts across a major multi-lane road and access ramp. This area is on reclaimed land with about 7m of fill. Pipe-jacking was the selected construction method with entry and exit pits on opposite sides of the roadway about 50m apart. During construction of the initial duct a buried rubble sea wall was unexpectedly encountered. Extensive grouting was subsequently undertaken but did not effectively stabilise the pipe and additional geotechnical boreholes were requested to define the extent of the sea wall and to locate the grout. Unfortunately, the unwillingness of authorities to permit road closure and the very restricted nature of the site limited the geotechnical borehole sites to flower beds on the side of the road and within the median strip. Four boreholes were drilled on either side of the pipe alignment and were used for cross-hole and surface-to-borehole seismic imaging as previously described. Figure 8 shows the site plan with the two cable duct alignments and the four boreholes (ES-1 &2 and WS-1&2) that were drilled for the down-hole geophysical equipment. One of the P-wave seismic images obtained along a scan lines through W-1 and W-2 orthogonal to the pipe alignments is shown in Figure 9 . Borehole W-1 did not actually encounter the wall and was terminated in marine sands at 10m depth. Borehole W-2 struck boulders, rubble in the wall with voids from about 5m to 10m depth.
The interpreted seismic image on this scan was obtained by combining the surface-to-borehole and cross-hole data. This shows that the essentially dry reclaimed fill extending from the ground surface to about 7m depth has a velocity of about 300 to 1100m/s. Below this depth velocities increase to about 1700m/s near the level of the historic land surface on which the sea-wall was originally built. The approximate limits of the sea-wall on this scan line is marked with the dashed line on Figure 9 . The grout below and to the side of the pipe is represented by the local higher velocity region (2500 m/s). From this image it appears that this pipe intersected the side of the rubble wall and the low velocity region above the pipe is indicative of voids. It appears that the grout has not fully encased the pipe possibly accounting for its lack of stability after the initial grouting operation.
Following consideration of all of the seismic images a further grouting operation was initiated. This successfully stabilised the pipe and the construction method was altered to deal with the rubble wall where it was indicated on the seismic images. 
CONCLUSIONS
The case studies from Australia and Asia clearly demonstrate that advanced surface, marine and borehole seismic geophysical methods can be usefully applied to a wide variety of trenchless technology projects to overcome the many limitations in conventional geotechnical approaches for risk reduction and hazard identification. Properly applied, these geophysical technologies also assist in the resolution of geotechnical problems arising during trenchless construction.
This approach represents a new application area for engineering geophysics.
